SUMMARY. Grafting of watermelon (Citrullus lanatus) is an established production practice that provides resistance to soilborne diseases or tolerance to abiotic stresses. Watermelon may be grafted on several cucurbit species (interspecific grafting); however, little research exists to describe root systems of these diverse rootstocks. A greenhouse study was conducted to compare root system morphology of nine commercially available cucurbit rootstocks, representing four species: pumpkin (Cucurbita maxima), squash (Cucurbita pepo), bottle gourd (Lagenaria siceraria), and an interspecific hybrid squash (C. maxima · C. moschata). Rootstocks were grafted with a triploid watermelon scion ('Exclamation'), and root systems were compared with nongrafted (NG) and self-grafted (SG) 'Exclamation'. Plants were harvested destructively at 1, 2, and 3 weeks after transplant (WAT), and data were collected on scion dry weight, total root length (TRL), average root diameter, root surface area, root:shoot dry-weight ratio, root diameter class proportions, and specific root length. For all response variables, the main effect of rootstock and rootstock species was significant (P < 0.05). The main effect of harvest was significant (P < 0.05) for all response variables, with the exception of TRL proportion in diameter class 2. 'Ferro' rootstock produced the largest TRL and root surface area, with observed values 122% and 120% greater than the smallest root system ('Exclamation' SG), respectively. Among rootstock species, pumpkin produced the largest TRL and root surface area, with observed values 100% and 82% greater than those of watermelon, respectively. These results demonstrate that substantial differences exist during the initial 3 WAT in root system morphology of rootstocks and rootstock species available for watermelon grafting and that morphologic differences of root systems can be characterized using image analysis.
G rafting of cucurbitaceous and solanaceous crops has become an established integrated pest management tool for the management of soilborne pathogens. The effectiveness of grafting for management of diseases relies on rootstocks that are either nonhost resistant or contain resistance genes for specific soilborne pathogens (Louws et al., 2010) . Although the initial and main impetus for using grafted plants has been the ability to grow crops in fields that would otherwise be unsuitable as a result of disease pressure from soilborne pathogens (Lee and Oda, 2003) , additional rootstock-derived benefits have been demonstrated.
Rootstock-imparted abiotic stress tolerance has been reviewed extensively (Rouphael et al., 2017; Schwarz et al., 2010) . In cucurbit crops, certain rootstocks can improve growth and yield at suboptimal soil temperatures (Ahn et al., 1999; Zhou et al., 2007) , reduced irrigation (Rouphael et al., 2008) , and salinity (Colla et al., 2006; Huang et al., 2010) . Research has focused on cucurbit rootstock root system physiology to help explain this improved tolerance; however, research has only been conducted with figleaf gourd (Cucurbita ficifolia) and is limited to suboptimal soil temperatures (Lee et al., 2005a (Lee et al., , 2005b . Although root physiology is important for the maintenance of growth under limiting conditions, morphology should also be considered when investigating soil resource acquisition.
Substantial research has been conducted exploring root system morphology as it relates to resource uptake and use efficiency. Root morphologic and architectural traits such as diameter, length, and spatial distribution all affect water uptake (Comas et al., 2013; Ho et al., 2005; Mickelbart et al., 2015) , phosphorus uptake (Hill et al., 2006; Zobel et al., 2007) , and salinity tolerance (Lovelli et al., 2012) . To date, little research has been conducted to compare cucurbit rootstock root systems. A survey of tomato (Solanum lycopersicum) rootstock root systems was conducted and showed that significant differences exist among commercially available rootstocks (Suchoff et al., 2017 watermelon germplasm (Cohen et al., 2014) , common rootstocks for watermelon scions include interspecific hybrids, bottle gourd, squash, and pumpkin (Lee and Oda, 2003) . As such, there exists the potential for significant variation among cucurbit rootstock root system morphologies, which may explain some of the improved growth under limiting conditions. The objectives of the study were 1) to determine if differences exist in root system morphologies among SG 'Exclamation', NG 'Exclamation', and nine cucurbit rootstocks grown in a solid, soilless medium; and 2) to determine whether these root system morphologies change or remain similar during the initial 3 WAT.
Materials and methods
This study was conducted twice in a greenhouse at the Horticultural Field Laboratory at North Carolina State University between 23 Oct. 2016 and 29 Mar. 2017. The triploid seedless watermelon cultivar Exclamation (Syngenta Seeds, Greensboro, NC) was used as NG and SG controls as well as the scion for all rootstocks. Nine cucurbit rootstocks representing four species were used (Table 1) . Scions were sown in 72-cell planting trays (T.O. Plastics, Clearwater, MN) filled with a presaturated soilless propagation mix (CC Tobacco Mix; Carolina Soil Co., Kinston, NC). All trays were placed on heating pads set to 89°F in a greenhouse adjusted to 84°F. Triploid watermelon seed were sown with radicle facing upward to encourage shedding of the seedcoat after emergence (Maynard, 1989) . Rootstocks were sown in a specialized propagation media composed of 2:1 v/v mixture of calcined clay soil conditioner (Turface MVP; Profile Products, Buffalo Grove, IL) and silica sand (#20 Pool Filter Sand; Aquabrite Ò , Pleasanton, CA) similar to previous root morphology studies (Manavalan et al., 2010; Suchoff et al., 2017) . A 1:1 v/v mixture of calcined clay soil conditioner and sand exhibited a reported bulk density of 1.22 gÁcm -3 , and gravimetric water content and volumetric water holding capacity (at saturation) of 0.50 and 0.61, respectively (Petrie and Hall, 1992) . A 2:1 v/v mixture of the same components exhibited penetration resistance of 1.5 to 1.7 MPa and was considered to cause no mechanical resistance, making it suitable as a substrate for observation of root development, while also facilitating thorough and efficient root harvesting (Manavalan et al., 2010; Suchoff et al., 2017) . When grafting with multiple rootstock species, it is common practice to stagger sowing of rootstock seeds to synchronize rootstock emergence for grafting (Keinath and Hassell, 2014) . Thus, rootstock germination tests were conducted to determine relative sowing to ensure all plants were the same size and growth stage at the time of grafting. Based on emergence timings, 'Exclamation' (which served as rootstock) was sown initially (day 0), followed by 'Emphasis', 'Kazako', 'Pelops', and 'Root Power' (day 6); and finally by 'BS1', 'Carnivor', 'Ferro', 'RS841', and 'TZ148' (day 7). 'Exclamation' for scions was sown early (day 3) to ensure hypocotyls of rootstocks and scions were the same size at the time of grafting. 'Exclamation' NG was sown later (day 12) than rootstocks and scions to account for delayed growth during the healing process of grafted plants.
Shortly after emergence, when cotyledons had turned upward and fully opened, rootstock apical meristems were treated with 25 mL of a 6.25% dilution of a sucker control agent (Fair 85 Ò fatty; Fair Products, Cary, NC). The sucker control agent effectively killed rootstock meristematic tissue, preventing rootstock regrowth after grafting (Daley and Hassell, 2014) . Twenty-four hours before grafting, plants were placed indoors in a room with limited light and were adjusted to 68°F to slow photosynthesis and metabolic activity. Grafting was conducted indoors using the one cotyledon method as described by Hassel et al. (2008) . After grafting, plants were placed in a climate-controlled healing chamber made from transparent plastic storage bins (26.5 inches long · 16 inches wide · 12.5 inches wide; Sterilite Ò , Townsend, MA). Water was added to a depth of 4 cm in each bin to maintain humidity, and flats were placed on a stand within the bins so as not to sit directly in the water. The plastic storage bins were placed in a controlled environment at 78.8°F beneath fluorescent grow lights, where they received 100 mmolÁm -2 Ás -1 of photosynthetically active radiation. Lids were affixed with adhesive tape for the first 2 d after grafting (DAG).
Lids were cracked open 3 DAG, offset to allow 50% exposure to ambient air (4 DAG), then completely removed (5-6 DAG). This process allowed for acclimation and hardening-off of the grafted plants. Plants were moved to the greenhouse 8 DAG.
All plants were transplanted into 3-qt black polyethylene pots (PolyTainer #1; Hummert International, Earth City, MO) filled with the same 2:1 v/v mixture of calcined clay and sand used for seedling propagation. Pots were lined with a mesh fabric to aid in root ball excavation. Plants were watered twice daily until water drained freely from containers and were fertilized weekly with 200 mgÁL Experimental factors for this study were rootstocks (this includes NG and SG controls) and harvest time, which were 1, 2, or 3 WAT. The experiment followed a full factorial (11 rootstocks · 3 harvest times) randomized complete block design, with four blocks placed down the greenhouse bench to account for temperature gradients associated with proximity to the evaporative cooling wall.
DATA COLLECTION. Complete excavation of root systems was necessary to characterize root system morphology. Thus, each experimental unit (a single plant) was harvested destructively at 1, 2, or 3 WAT, according to treatment. For scion data, grafted plants were cut at the graft union and scion fresh weight was collected. Scions were then placed in a dryer set to 70°C for 72 to 96 h, and scion dry weights were subsequently recorded. 'Exclamation' NG had no graft union, so plants were instead cut at the surface of the media and data were collected as described for grafted plants. Root systems were harvested from pots by carefully lifting the mesh fabric from each pot and placing the intact root system onto a flat surface for cleaning. Roots were excavated carefully from the media and submerged in water for further cleaning. Finally, the media and mesh fabric were checked thoroughly for broken roots that, when found, were added to the harvested root system. After cleaning, root systems were placed in 10 mL 0.5 gÁL -1 neutral red stain (Sigma Aldrich, St. Louis, MO) and stored at 6.7°C for 24 h. Dyed roots were rinsed with deionized (DI) water then scanned using a flatbed scanner (Expression 10000XL; Epson America, Long Beach, CA) with a 30 · 42-cm acrylic tray placed on top filled with 2 cm DI water. Root systems were positioned to minimize overlapping roots, and grayscale image resolution was set to 800 dots per inch to allow for high resolution of the finest roots. Images were analyzed using root system image analysis software (WinRHIZO version 2012b; Regent Instruments, Quebec, QC, Canada). Root morphologic data collected from these scans included TRL, average root diameter, diameter class length, diameter class length proportions, and total root surface area. TRL of root systems was partitioned into diameter class length-an important physiologic characteristic describing the fraction (by length) of a root system having a particular diameter. Diameter classes in this study were numbered 1 to 3 and included root diameters of less than 0.5, 0.5 to 1.0, and more than 1.0 mm, respectively. Diameter class proportions were calculated by dividing diameter class length by TRL. After scanning, root samples were placed in a dryer set to 70°C for 72 to 96 h and were subsequently weighed. Specific root length (SRL; in centimeters per gram) measures root length per dry weight and was calculated by dividing TRL by dry root weight. And the root:shoot ratio was calculated by the dividing dry weight of the harvested root system with the dry weight of the scion.
STATISTICAL ANALYSIS. Analysis of variance (ANOVA) was conducted using the GLIMMIX procedure in SAS (version 9.4; SAS Institute, Cary, NC). Rootstock, rootstock species, harvest, and the interactions of rootstock or rootstock species with harvest were treated as fixed effects. Trial and replicate nested within trial were specified as random effects. Diameter class length proportion data were analyzed using a beta distribution and logit transformation to account for the non-normal nature of proportional data. TRL and SRL data 'Exclamation' watermelon was grafted to 10 cucurbit rootstocks and was used as a nongrafted control. All plants were grown in a greenhouse and harvested at 1, 2, and 3 weeks after transplanting. Scions were dried in an oven set to 70°C (158.0°F) for 72 to 96 h, then weighed. Analysis of variance determined P values were <0.0001 for rootstock, species, and harvest date; and no significant interactions were observed. Mean separation was achieved using the post hoc Tukey's honestly significant difference multiple comparisons adjustment. Means accompanied by the same letter did not differ at a = 0.05. SG, self-grafted; NG, nongrafted; ISH, interspecific hybrid squash derived from the cross Cucurbita maxima · C. moschata; 1 g = 0.0353 oz. Interspecific hybrid squash derived from the cross Cucurbita maxima · C. moschata.
• October 2018 28 (5) showed strong heterogeneity of variance. To address this issue, these data were square root-transformed to normalize the distribution of residuals. These data were back-transformed for presentation in tables and figures. Any effect found to be significant (P < 0.05) was investigated further through mean separation using the post hoc Tukey's honestly significant difference (HSD) multiple comparisons adjustment.
Results
ANOVA of scion dry weight detected a significant effect of rootstock, species, and harvest, but no interaction of rootstock or species with harvest. Thus, least square means of each main effect were combined across all levels of the other factor (i.e., marginal means) and subjected to mean separation according to Tukey's HSD (Fig. 1) . Scion dry weight accumulation was greatest in 'BS1' and 'Ferro' rootstocks, but means were not statistically different from 7 of 11 rootstock treatments (Fig. 1A) . The lowest scion weight was produced by 'Exclamation' SG, which was similar statistically to 'Exclamation' NG, 'Emphasis', and 'Pelops' rootstocks. Scion dry weight differed according to species, with the lowest dry weights observed in watermelon and bottle gourd rootstocks and the highest dry weights in interspecific hybrids, pumpkin, and squash rootstocks (Fig. 1B) . As expected, scion dry weights increased as harvest was delayed. Compared with harvests at 1 WAT, scion dry weight of the final harvest (3 WAT) exhibited a 3.7-fold increase (from 0.18-0.68 g; Fig. 1C) .
ANOVA of root system characteristics determined the main effects of rootstock, species, and harvest date were significant, and no significant interactions of rootstock or species with harvest existed. Thus, least square means for each main effect were subjected to mean separation according to Tukey's HSD (Tables 2  and 3 ). TRL was greatest in 'Ferro' rootstock; lowest TRL was observed in 'Pelops', 'Exclamation' NG, and 'Exclamation' SG. A substantial disparity existed between the largest and smallest TRL of rootstocks. Compared with 'Ferro' rootstock, the smaller root systems of 'Exclamation' NG, 'Pelops', and 'Exclamation' SG produced only 51%, 45%, and 45% of the TRL, respectively. As expected, TRL increased over time, and TRL nearly doubled each week that harvest was delayed (Table 2) . Largest average root diameters were observed in 'Emphasis', 'Exclamation' NG, and 'Pelops' (range, 0.15-0.16 mm), followed by seven rootstocks with intermediate (range, 0.11-0.12 mm) average root diameters and 'Kazako' with the smallest average root diameter (0.9 mm). Root surface area and ratios of root:shoot dry weight generally followed the same pattern of TRL, indicating that root systems with greater root length also had an increased root surface area and a greater proportion of biomass partitioned to roots rather than the scion.
When comparing rootstock species, pumpkin, squash, and interspecific hybrids exhibited the greatest TRL, greatest root surface area, and lowest average root diameter (Table 3) . Bottle gourd and watermelon rootstocks produced the opposite trend, with lowest TRL, lowest root surface area, and the greatest average root diameter. Rootstocks of pumpkin, squash, and interspecific hybrids had the greatest ratios of root:shoot dry weight, and the lowest root:shoot ratios were observed in bottle gourd and watermelon rootstocks. However, mean separation was not as distinct as with the other root measurements, and bottle gourd rootstocks were not statistically different from squash or interspecific hybrid rootstocks (Table 3) .
R O O T D I A M E T E R C L A S S PROPORTIONS.
ANOVA of diameter class proportions determined the main effects of rootstock, species, and harvest date were significant, and no significant interactions of rootstock or species with harvest existed. Thus, least square means for each main effect were subjected to mean separation according to Tukey's HSD (Tables 4 and 5 ). Diameter classes compared the proportion of TRL that fell within three classes. For all Table 2 . Comparison of main effects of rootstock and harvest date on root system morphology characteristics of 11 cucurbit rootstocks with 'Exclamation' watermelon as the scion. Total root length, average root diameter, and root surface area were measured using intact harvested root systems and image analysis software (WinRHIZO version 2012b; Regent Instruments, Quebec, QC, Canada). Root weight-to-shoot weight ratios were calculated using the weight of dried root and shoot tissue of plants at each harvest date. To account for heterogeneity of variance, analysis of variance and mean separation were conducted using square root-transformed data for total root length, which were then back-transformed for presentation in this Mean separation was achieved using the post hoc Tukey's honest significant difference multiple comparisons adjustment. Means followed by the same letter did not differ at a = 0.05. Rootstock, harvest, and rootstock · harvest had 10, 2, and 20 df, respectively. NS, *, **, ***Nonsignificant or significant at P £ 0.05, 0.01, or 0.001, respectively. NG = nongrafted; SG = self-grafted; WAT = week(s) after transplanting.
rootstocks, the majority of TRL fell within diameter class 1 (Table 4) . Comparisons within diameter class 1 reveal that the greatest proportions were observed in 'Kazako' and 'Exclamation' SG, and the lowest proportions were observed in 'Emphasis', 'Pelops', 'Exclamation' NG, 'Ferro', 'BS1', and 'Carnivor'. The inverse is true of diameter class 2; 'Kazako' and 'Exclamation' SG produced the lowest proportions of TRL in diameter class 2; and 'Emphasis', 'Pelops', 'Exclamation' NG, and 'Ferro' were among the greatest. These patterns are the result of very high proportions of TRL falling within diameter classes 1 and 2 (>95% in all rootstocks). Thus, as the proportion of TRL in diameter class 1 increases, the proportion in diameter class 2 decreases and vice versa. Proportions of diameter class 3 were lowest in 'Kazako', 'Exclamation' SG, and 'Pelops'; but, the proportions were very low (<5%), indicating diameter class 3 described only a small portion of root systems. Proportions of diameter class lengths showed very little variation in response to harvest timing (Table 4) .
Comparisons of diameter class proportions by species reveal that bottle gourd rootstocks produced the lowest proportion of TRL in diameter class 1, and all other rootstock species produced a greater proportion (Table 5) .
As with the analysis of rootstocks, an inverse relationship was observed between proportions of diameter classes 1 and 2 when comparing rootstock species. SPECIFIC ROOT LENGTH. ANOVA of SRL determined the main effects of rootstock, species, and harvest date were significant, and no significant interactions of rootstock or species with harvest were observed. Thus, least square means for main effects were subjected to mean separation according to Tukey's HSD (Fig. 2) . The greatest SRLs were observed in 'Kazako' and 'Exlamation' SG, and 'Pelops' produced the lowest SRL ( Fig. 2A) . However, when compared with 'Pelops', mean separation indicated the SRL of eight of the remaining 10 rootstocks were not significantly different. Thus, 9 of the 11 rootstocks produced similar SRLs, and 'Exclamation' SG and 'Kazako' rootstocks produced increased SRL. Comparisons of species revealed that watermelon and interspecific hybrid rootstocks produced the greatest SRL, squash and pumpkin produced an intermediate SRL, and bottle gourd rootstocks produced the lowest SRL (Fig. 2B) . SRL increased as harvest was delayed from 1 to 2 WAT, but did not Table 3 . Comparison of main effect of rootstock species on root system morphology characteristics of five cucurbit rootstock species with 'Exclamation' watermelon as the scion. Total root length, average root diameter, and root surface area were measured using intact harvested root systems and image analysis software (WinRHIZO version 2012b; Regent Instruments, Quebec, QC, Canada). Root weight-to-shoot weight ratios were calculated using the weight of dried root and shoot tissue of plants at each harvest date. To account for heterogeneity of variance, analysis of variance and mean separation was conducted using square root transformed data for total root length then back-transformed for presentation in this table.
y Interspecific hybrid squash derived from the cross Cucurbita maxima · C. moschata. Mean separation was achieved using the post hoc Tukey's honest significant difference multiple comparisons adjustment. Means followed by the same letter did not differ at a = 0.05. NS, *, **, ***Nonsignificant or significant at P £ 0.05, 0.01, or 0.001, respectively. Table 4 . Comparison of main effects of rootstock and harvest date on root diameter class of 11 cucurbit rootstocks with 'Exclamation' watermelon as the scion. Root diameter class refers to the proportion of the total root length of each root system within one of three diameter classes and was measured using intact harvested root systems and image analysis software (WinRHIZO version 2012b; Regent Instruments, Quebec, QC, Canada). Analysis of variance and mean separation were conducted using a logit transformation and a beta distribution for these proportion data. y 1 mm = 0.0394 inch.
x Mean separation was achieved using the post hoc Tukey's honest significant difference multiple comparisons adjustment. Means followed by the same letter did not differ at a = 0.05. Rootstock, harvest, and rootstock · harvest had 10, 2, and 20 df, respectively. NS, *, **, ***Nonsignificant or significant at P £ 0.05, 0.01, or 0.001, respectively. NG = nongrafted; SG = self-grafted; WAT = week(s) after transplanting.
change between harvest at 2 and 3 WAT (Fig. 2C ).
Discussion
Previous research has used WinRHIZO software to characterize root systems of crops such as corn (Zea mays), rice (Oryza sativa), sweet potato (Ipomoea batatas), and tomato, and stolons of bermudagrass (Cynodon dactylon) (Pace et al., 2014; Pornaro et al., 2017; Sandhu et al., 2016; Suchoff et al., 2017; Wijewardana et al., 2018) . This study represents the first attempt to characterize root system morphology of commercially available cucurbit rootstocks grown in a solid, soilless substrate. Miller et al. (2013) compared root system architecture of field-grown grafted and SG watermelon at different irrigation regimes. They found no difference among the root length distribution among grafted treatments and discovered that the majority of roots were within the first 12 inches of the soil profile. Unfortunately, no further data regarding root morphology such as average diameter or diameter class proportions were given. Although these authors did not find yield differences among the grafted treatments, other researchers have shown that certain rootstocks can improve abiotic stress tolerance as well as nutrient and water use efficiency (Pulgar et al., 2000; Rouphael et al., 2008) .
Although our study did not compare root system morphology as it relates to resource availability, our results may help explain some of the improved nutrient and resource acquisition observed by researchers using grafted watermelon (Rouphael et al., 2008) . Pulgar et al. (2000) found that nitrogen uptake was improved when grafting watermelon onto squash rootstocks. 'BS1' was Table 5 . Comparison of main effect of rootstock species date on root diameter class of five cucurbit rootstock species with 'Exclamation' watermelon as the scion. Root diameter class refers to the proportion of the total root length of each root system within one of three diameter classes and was measured using intact harvested root systems and image analysis software (WinRHIZO version 2012b; Regent Instruments, Quebec, QC, Canada). Analysis of variance and mean separation was conducted using square root-transformed data when appropriate, which was then back-transformed for this table.
y Interspecific hybrid squash derived from the cross Cucurbita maxima · C. moschata.
x 1 mm = 0.0394 inch.
w Mean separation was achieved using the post hoc Tukey's honest significant difference multiple comparisons adjustment. Means followed by the same letter did not differ at a = 0.05. NS, *, **, ***Nonsignificant or significant at P £ 0.05, 0.01, or 0.001, respectively. Fig. 2 . Comparison of specific root length (±SE) as affected by (A) rootstock, (B) species, and (C) harvest date. 'Exclamation' watermelon was grafted to 10 cucurbit rootstocks and was used as a nongrafted control. All plants were grown in a greenhouse and harvested at 1, 2, and 3 weeks after transplanting. Specific root length was measured using intact harvested root systems and image analysis software (WinRHIZO version 2012b; Regent Instruments, Quebec, QC, Canada). Analysis of variance (ANOVA) and mean separation were conducted on square root-transformed data because of heterogeneity of variance, and data were subsequently back-transformed for presentation in this figure. ANOVA determined P values were <0.0001, <0.0001, and 0.0010 for rootstock, species, and harvest date, respectively. No significant interactions were observed. Mean separation was achieved using the post hoc Tukey's honestly significant difference multiple comparisons adjustment. Means accompanied by the same letter did not differ at a = 0.05. SG, self-grafted; NG, nongrafted; ISH, interspecific hybrid squash derived from the cross Cucurbita maxima · C. moschata; 1 cmÁg -1 = 11.1612 inches/oz.
the only squash rootstock characterized; however, significant differences exist when comparing 'BS1' with 'Exclamation'. TRL was %80% longer in 'BS1' compared with 'Exclamation' NG and SG (Table 2) . Furthermore, the average root diameter of 'BS1' was smaller than 'Emphasis' NG and SG, but also had a greater total surface area. Nitrogen is mobile within the soil profile and, consequently, bulk flow-not specific root system characteristics-is most important for nitrogen uptake (Hill et al., 2006) . However, a root system with smaller diameter, longer roots that has a greater total surface area could allow for improved interception of the nitrogen-containing soil solution. As such, those results observed by Pulgar et al. (2000) may be the result of the increased surface area and consequent interception of soil solution when using squash as a rootstock.
Results from the current study reveal the relationships among common measurements to describe root system morphology. For example, 'Pelops', 'Emphasis', and 'Exclamation' NG were among those with the lowest TRL, greatest average root diameter, and lowest proportion diameter class 1 (Tables 1 and 2 ). Along with 'Kazako', these rootstocks had the lowest root surface areas and root: shoot ratios (Table 2) . Most importantly, this study demonstrates the wide range of root system morphologies represented among this diverse selection of cucurbit rootstocks. The current study can only describe the morphologic characteristics of root systems at 1, 2, and 3 WAT, and cannot predict performance in field settings. However, the disparity in root systems and reported morphologic characteristics of rootstocks and rootstock species indicates that a wide range of root systems are available for watermelon grafting. Future research using this protocol could investigate rootstocks for relative plasticity of root system morphologies in response to varying levels of environmental stresses, such as shade, suboptimal temperatures, or nutrient deprivation. Complementary research describing the relationship between root system morphology and performance of grafted plants in the field would provide a deeper understanding of which morphologic traits are associated with and responsible for particular stress tolerance or disease resistance.
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